The weak hydrogen bond is an important type of non-covalent interaction, which has been shown to contribute to stability and conformation of proteins and large biochemical membranes, stereoselectivity, crystal packing and effective gas storage in porous materials. In this work, we explore systematically the interaction of methane with a series of functionalized organic molecules specifically selected to exhibit a weak hydrogen bond with methane molecules. To enhance the strength of hydrogen bond interactions, the functional groups include electron-enriched sites to allow sufficient polarisation of the C-H bond of methane. The binding between nine functionalized benzene molecules and methane has been studied using the second order Møller-Plesset perturbation theory to reveal that benzenesulfonic acid (C 6 H 5 -SO 3 H) and phenylphosphonic acid (C 6 H 5 -PO 3 H 2 ) have the greatest potential for efficient methane capture through hydrogen bonding interactions. Both acids exhibit efficient binding potential with up to three methane molecules. For additional insight, the atomic charge distribution associated with each binding site is presented.
INTRODUCTION
Natural gas, composed primarily of methane, is an energy-intensive fuel source which has a high molar energy density, exhibits cleaner combustion when compared to diesel or petroleum 1, 2 and requires low utilisation costs. However, due to the low energy density of methane in gaseous phase, storage of natural gas at ambient temperatures and pressures remains a real challenge limiting its industrial application potential. One promising gas storage method involves packing fuel tanks with porous material to adsorb the natural gas. This exploits weak van der Waals interactions between methane and the pore walls to achieve a density comparable to compressed natural gas but allowing ambient temperatures and moderate pressures (typically 35 bar) in less bulky fuel tanks. Several types of porous materials are being investigated and evaluated for this application including activated carbons, porous organic polymers and metalorganic frameworks. [3] [4] [5] [6] [7] [8] [9] [10] Attachment of carefully selected functional groups can, in principle, enhance the interactions between methane and the pore walls to increase the packing density of methane at low pressures. Computational studies of the binding of guest molecules with functionalized ligands at the atomic scale [11] [12] [13] [14] have shown that finding favourable adsorption sites in the organic ligands holds a key to enhancing the ability of porous materials to capture gases. Torrisi et al. 12 , for example, showed that aromatic rings functionalized by certain groups can enhance the intermolecular interaction in different ways: methyl groups increase the inductive effect, lone-pair donating groups promote acid-base type interactions, and hydrogen bonding occurs in acidic proton containing groups.
Weak hydrogen bonds comprise a class of hydrogen bonds (HB) with typical values of the binding energy less than 17 kJ mol -1 (or 4 kcal mol -1 ) but greater than the van der Waals limit of 1 kJ mol -1 (or 0.25 kcal mol -1 ). This type of weak interaction allows the enhancement of affinity for methane without creating sites which are difficult and expensive to regenerate. 15 Examples of the weak hydrogen bond include C-H···O interactions, where the hydrogen atom forms a bond between two moieties of which one or even both are of moderate to low negativity, and C-H···π interactions in π electron rich molecules. 16 IUPAC has previously discussed extending the definition of the hydrogen bond to include any attractive interaction X-H···Y-Z, where some evidence of bond character exists between H and Y moieties, and X is more electronegative than H, even if only moderately (in the case of X as carbon). 17 Within this definition, X-H is the donor and Y is the acceptor. The H···Y distance is generally 2-3 Å, and 30-80% of weak hydrogen bonds have an H···Y distance of less than the sum of the van der
Waal radii of H and Y species. This often makes weak hydrogen bond interactions difficult to distinguish. The X-H···Y angle is optimised at 180° but typically ranges from 90° to180°, and the H···Y-Z angle is optimised where the Y lone pair is directed at the hydrogen atom, or where maximum charge transfer occurs. The hydrogen bond character has been also shown in C-H/π interactions, which play an important role in many fields that include crystals, 18 conformational analysis, 19, 20 organic reactions 21, 22 and molecular recognition. [23] [24] [25] C-H/π interactions govern the stability of biological structures where they affect both binding affinity and conformation. In these studies, it is also customary to use methane as the simplest model of an aliphatic compound.
The primary aim of this work is to aid the selection and targeted design of functionalized organic molecules for their ability to coordinate with one or more methane molecules via weak hydrogen bond interactions. The considered molecular complexes use an oxygen atom as the binding site for the methane molecule, and X-H exists as a C-H bond in methane and so is 4 classed as a weak donor. To maximise the strength of the hydrogen bond interaction the organic linkers were selected to ensure that the Y-Z moiety is a strong acceptor, e.g. O=C.
COMPUTATIONAL METHODS
Optimised geometries and binding energies for the functional groups supported by an aromatic or cyclohexane ring with methane were calculated for nine methane-ligand complexes using Q-Chem quantum chemistry package. 26 The carbon and hydrogen atoms within the ring of the linker were fixed upon geometry optimisation leaving the atoms of the functional group and the methane molecule free to find the minimum energy configurations. In the dimer, trimer and tetramer configurations, geometry optimisation was obtained using the resolution of identity MP2 level of theory (RI-MP2) with the cc-pVDZ basis set, and the binding energies were calculated at the MP2 level using cc-pVQZ basis set and the Boys and Bernardi counterpoise correction. 27 Partial charges on each atom were obtained using the CHELPG scheme developed by Breneman and Wiberg. 28 Benchmarks for the equilibrium structure and binding energy of a small formaldehydemethane dimer are presented in Table 1 to show that the adopted computational approach is comparable in accuracy with the CCSD(T) method for the binding energies. Unlike computationally expensive CCSD(T) method, the adopted computational approach can be used to study larger (tetramer) systems without compromising the accuracy of predictions. Table 1 shows that the MP2/cc-pVQZ binding energies calculated for the structures optimised at the RI-MP2/cc-pVDZ and MP2/cc-pVDZ levels of theory are in a good agreement with those predicted directly from the MP2/cc-pVQZ equilibrium structure. The CCSD(T)/cc-pVQZ binding energy obtained for the dimer optimized at the CCSD(T)/cc-pVDZ level of theory also has a very close value.
The linker candidates presented in Table 2 , all containing oxygen to create a strong
hydrogen bond acceptor, were tested for their ability to bind methane. Functional groups with more than one accepting site were tested on their ability to form trimer and tetramer structures by including additional methane molecules. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 configuration, there is very little steric repulsion due to the way the carbonyl fixes the shape of the aliphatic ring. The moderate binding energy is expected of the carbonyl species due to the electron donating effect of the ring. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In the nitrobenzene -methane complex, only one dimer was tested due to the symmetry of the functional group, which gave a conformation in which the C-H bond of the methane directs to the N-O bond giving a H ሺCH 4 ሻ ···O (NO) distance of 2.57 Å (Figure 3a) . The binding energy of -3.65 kJ mol -1 is comparable to that of the benzoic acid dimer I shown in Figure 2a and is moderate as expected of a highly polarizing group such as -NO 2 . Introducing another methane 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 molecule to the system at another available oxygen site gives the trimer structure shown in Figure 3b . Upon forming the trimer, both methane molecules distance slightly from the accepting oxygen atoms and the binding becomes weaker. The binding energies are smaller than expected of a formally negatively charged oxygen. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1,4-Napthoquinone is the largest and one of only two non-fully aromatic species tested.
The dimer form shows only one oxygen atom accepting a weak HB but the trimer exhibits both available oxygen atoms involved with methane molecules. These complexes can be viewed in Figure 5a and 5b. In the dimer, a moderately strong interaction with a relatively long intermolecular distance of 2.67 Å between the carbonyl oxygen and the methane hydrogen was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The sulfonic acid group has three oxygen atoms available to accept a HB interaction from a methane molecule and the functional group is flexible across many of its bonds. There is a weak hydrogen bond within the linker itself, it exists as O-H···O=S and so one S=O bond is involved in this interaction whereas the other is not. The complexes tested encompassing the benzenesulfonic acid molecule are shown in Figure 6 . Dimer I shown in Figure 6a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 combination of dimers I and II (Figure 6f ). In these complexes, the binding energies have also been found to strengthen at both HB sites with respect to the corresponding dimer structures. The interactions are directional and typical of weak HB interactions. The sum of the binding energies found in each of the trimers is very similar. Combining the three dimers further gave a promising tetramer complex with three strong, directional HB interactions and short intermolecular distances (Figure 6g ). shown in Figure 7h with very large binding energies and short intermolecular distances. Each of the C-H···O (OH) angles is slightly distorted from the optimised angle of 180° found in the corresponding dimers. This is expected to be due to the steric repulsion between the methane molecules. Charge increases at the methane molecules of +1.46 me, +2.26 me, and +2.72 me were calculated corresponding to the binding energies of -6.21 kJ mol -1 , -4.05 kJ mol -1 , and -6.17 kJ mol -1 , respectively. Combining strong binding sites with a high methane to functional group ratio, the tetramer complexes of benzenesulfonic acid and phenylphosphonic acid demonstrate that these functional groups exhibit significant potential for enhanced CH 4 binding.
The increased strength of hydrogen bond is caused by the cooperative effect of many-body forces, and their association is more favourable than independent pairwise interactions.
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Research by Yu and co-workers focuses on the separation of CO 2 from CH 4 in membrane materials with studies of functional groups bonded to hexane and their interactions with methane compared to carbon dioxide at the same level of theory. 29 Three of the functional groups R-COOH, R-SO 3 H and R-PO 3 H show similar dimer interactions with methane compared to our work illustrating a consistency in result and how this work can be applied to other porous materials. However, the use of the aromatic groups seems to have an effect, particularly with the R-OOH group in which the results differ most significantly indicating the base structure has an impact on the overall interaction and needs to be taken into consideration.
Overall, the dimer complexes show significant HB character towards the oxygen atom lone pair from intermolecular distances and directional geometries. There is no general trend for carbonyl containing linkers being superior in their methane sorption ability than hydroxyl containing linkers. There is no clear trend between the binding energy and charge increase at the methane suggesting that the interaction cannot be explained simply on a basis of charge on the methane as the dipole-dipole interaction within a HB is more complex. As seen in the Table 3 , the charge at the hydrogen atom of the methane is always more positive than that of the adjacent carbon atom, fitting well with the requirements for a hydrogen bond. The geometries found gave intermolecular (O···H CH4 ) distances similar to, or shorter than, the sum of the van der Waals radii reinforcing the claim of weak hydrogen bonding interactions. It was also found that the C-H bond of methane generally directs towards the lone pair of the accepting oxygen, symptomatic of hydrogen bonding character. The investigations of trimers and tetramers were particularly promising with binding energies among the highest calculated through the study and the increase in methane to linker ratio causing methane to bind more efficiently. 33, 34 Carboxylate group has been widely used for the construction of stable porous structures due to its strong coordination ability to metal ions. 35 Although sulfonic and phosphoric acid groups can bind strongly to metal ions, the free forms of these functional groups can still be inserted in metal-organic frameworks by using carboxylate linkers with highly charged metal ions such as Zr(IV) or Hf(IV).
36
A weak interaction between an aliphatic C-H group and an aromatic π system plays a vital role in molecular recognition for numerous ligand-binding proteins. The interaction has been also used in drug design to increase the inhibitory activity and selectivity. Furthering the understanding of these interactions and quantifying their energetics will have an important influence on the above applications.
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